A multiwavelength investigation of the southern infrared dust bubble CS51 is presented in this paper. We probe the associated ionized, cold dust, molecular and stellar components. Radio continuum emission mapped at 610 and 1300 MHz, using the Giant Metrewave Radio Telescope, India, reveal the presence of three compact emission components (A, B, and C) apart from large-scale diffuse emission within the bubble interior. Radio spectral index map show the coexistence of thermal and non-thermal emission components. Modified blackbody fits to the thermal dust emission using Herschel PACS and SPIRE data is performed to generate dust temperature and column density maps. We identify five dust clumps associated with CS51 with masses and radius in the range 810 -4600 M and 1.0 -1.9 pc, respectively. We further construct the column density probability distribution functions of the surrounding cold dust which display the impact of ionization feedback from high-mass stars. The estimated dynamical and fragmentation timescales indicate the possibility of collect and collapse mechanism in play at the bubble border. Molecular line emission from the MALT90 survey is used to understand the nature of two clumps which show signatures of expansion of CS51.
INTRODUCTION
High-mass stars (M 8 M ) are known to have significant influence on the surrounding interstellar medium (ISM) given their radiative, mechanical and chemical feedback. The last decade has seen tremendous progress towards understanding their formation and interaction with the ISM (see reviews by Zinnecker & Yorke 2007; Tan et al. 2014) . A combination of thermal pressure of the expanding Hii region, powerful stellar wind, and radiation pressure associated with a newly formed massive star mostly results in a 'bubble'. This manifests as a shell of enhanced density of swept up gas and dust between the ionization and the shock fronts encompassing a relatively low-density, evacuated cavity around the central star. The 'bubbles' display bright-rimmed midinfrared (MIR) morphology (Weaver et al. 1977; Churchwell et al. 2006 Churchwell et al. , 2007 Watson et al. 2008; Deharveng et al. 2010 ; E-mail: swagat.12@iist.ac.in Anderson et al. 2012; Kendrew et al. 2012; Ochsendorf et al. 2014) . The MIR emission is attributed to polycyclic aromatic hydrocarbon (PAH) molecules in the photodissociation regions (PDRs) surrounding O and early-B stars. Catalogs of infrared (IR) bubbles (Churchwell et al. 2006 (Churchwell et al. , 2007 Simpson et al. 2012) show that these features are ubiquitous in our Galaxy. The last few years have seen a plethora of papers on the nature of these bubbles and also on the formation of a new generation of stars in their adjacent shells or bright rimmed clumps (Urquhart et al. 2007; Deharveng et al. 2010; Dewangan et al. 2012; Liu et al. 2012; Dewangan & Ojha 2013; Hou & Gao 2014; Ranjan Das et al. 2016; Baug et al. 2016; Hattori et al. 2016; Liu et al. 2016 Liu et al. , 2017a . An interesting statistical study by Thompson et al. (2012) shows that the surface density of young stellar objects (YSOs) peak towards the projected angular radius of the bubbles. From the association of massive YSOs with the sample of bubbles studied, these authors further conclude that ∼ 14 -30% of massive stars in the Milky Way would have possibly formed via the triggered star formation mode.
In this work, we focus on the southern IR bubble, CS51, which is centered at α2000 = 17 h 31 m 14.90 s , δ2000 = −33
• 52 55.00 and displays a closed ring morphology with an effective radius of 2.1 (Churchwell et al. 2007; Simpson et al. 2012) . A bright IRAS source, IRAS 17279-3350, with bolometric luminosity of 1.6×10
5 L (Beltrán et al. 2006 ) is found to be associated with the bubble. Several kinematic distance estimates to this source are found in the literature. The near and far distance estimates vary between 5.1 -6.5 kpc and 11.7 -13.4 kpc, respectively (Caswell & Haynes 1987; Peeters et al. 2002; Beltrán et al. 2006; Churchwell et al. 2007; Sánchez-Monge et al. 2013a; Urquhart et al. 2013) . In this work, we have adopted the near kinematic distance of 5.3 kpc from Churchwell et al. (2007) . The justification for adopting the near kinematic distance is the presence of Hi self-absorption towards the CO emission peak as observed by Garwood & Dickey (1989) (see Fig. 1 of their paper for source G354.188-0.073 which is associated with the bubble). This feature resolves the kinematic distance ambiguity and places objects at the near distance (Kolpak et al. 2003; Roman-Duval et al. 2009 ).
The region associated with the bubble has been probed in radio bands by a few authors. Radio continuum observations at 4.8 and 8.6 GHz by Martín-Hernández, van der Hulst & Tielens (2003) reveal the presence of three components (named A, B, and C), with A being associated with IRAS point source. These components are also studied at 5-GHz (Becker et al. 1994 ) and at 1.4 GHz (Zoonematkermani et al. 1990) . From the 1.2-mm observation, using the SEST 15-m telescope, Beltrán et al. (2006) identified two massive dust clumps of masses 665 and 764 M . The peak positions of these clumps correlate with that of the components A and C, respectively. Non-detection of H2O, OH and CH3OH masers towards IRAS 17279-3350 was reported in Chan, Henning & Schreyer (1996) and references therein. However, in a later survey, the 6.7-GHz methanol maser was detected towards component C (Caswell et al. 2010) . Figure 1 shows the MIR and near-infrared (NIR) view of the region associated with CS51. The displayed morphology in the MIR is similar to those observed in other bubbles (Watson et al. 2008; Ji et al. 2012; Sidorin et al. 2014; Liu et al. 2016) . 24-µm emission sampling the hot dust is enclosed within the bright-rimmed 8-µm emission which shows a broken morphology towards the south. The 8-µm emission is seen to be extended in the form of an envelope beyond the identified bubble boundary. However, the NIR colourcomposite image does not reveal any bubble signature and the region is seen to be densely populated. A faint, compact Ks-band nebulosity is seen towards IRAS 17279-3350 (see inset).
In presenting our study on the GLIMPSE bubble CS51, we have organized the paper in the following way. Section 2 deals with the radio continuum observation and associated data reduction procedure. In this section, we have also discussed the details of various archival data used in this study. In Section 3, we discuss the results obtained using various datasets. Section 4 focuses on the feedback of the high-mass star responsible for the formation of CS51 and its impact on the surrounding ISM and in Section 5, we summarize our results.
OBSERVATIONS AND ARCHIVAL DATA SETS

Radio Continuum Observations
To probe the ionized gas associated with the bubble, we have carried out low-frequency radio continuum observations at 610 and 1300 MHz with a bandwidth of 32 MHz using Giant Metrewave Radio Telescope (GMRT), Pune India. GMRT has a hybrid configuration with 30 fully steerable antennae each of 45-m diameter placed in a 'Y' shaped array (for details about GMRT, see Swarup et al. 1991) . The central square of GMRT contains 12 antennae randomly distributed within 1×1 km 2 , with the lowest baseline, ∼100 m, sensitive to diffuse emission. The remaining 18 antennae are located on the arms with 6 on each arm. This renders the array capable of producing high angular resolution with the largest baseline of ∼ 25 km.
The radio observations were carried out in the spectral line mode to minimize the effects of bandwidth smearing and narrow-band RFI. Radio sources 3C48 and 3C286 were used as primary flux calibrators and 1714-252 was used as phase calibrator for estimating the amplitude and phase gains for flux and phase calibration of the measured visibilities. The continuum data reduction is carried out using the Astronomical Image Processing Software (AIPS). The data sets are carefully scrutinized to identify bad data (dead antenna, bad baselines, RFI, spikes, etc.) using the tasks UVPLT and TVFLG. Subsequent editing of these are carried out using the tasks TVFLG and UVFLG. To keep the bandwidth smearing effect negligible the data sets are averaged in frequency using the task SPLAT. Low-frequency radio maps are generated by Fourier inversion and subsequent cleaning using the task IMAGR, in which we set the 'robustness' parameter to +1 (on a scale, where +4 represents nearly natural weighting and -4 is close to uniform weighting of the baselines). Wide-field imaging technique is used in order to account for the w−term effect (non-coplanarity). Several iterations of 'phase-only' and a final iteration of 'amplitude and phase' self calibration are performed to minimize the amplitude and phase errors and to reduce the rms noise in the maps. The final maps are then primary beam corrected using the task PBCOR.
Galactic diffuse emission contributes to the rise in system temperature, while observing close to the Galactic plane. At the low frequencies of our radio observations (especially at 610-MHz), the contribution from the Galactic diffuse emission becomes significant. Since the flux calibration is done using sources off the Galactic plane, appropriate scaling of flux densities in the final images is essential. The scaling factor is estimated under the assumption that the Galactic diffuse emission follows a power-law spectrum and T sky at frequency ν for the target position is determined using the following equation
where, γ is the spectral index of the Galactic diffuse emission and is taken as -2.55 (Roger et al. 1999 ). Here, the sky temperature, T sky , is estimated by using the measurements obtained from the all-sky 408-MHz survey of Haslam et al. (1982) . This yields scaling factors of 2.26 and 1.27 for (Churchwell et al. 2007; Simpson et al. 2012) . The position of IRAS 17279-3350 associated with the bubble is shown as a '+' symbol in blue. The 24-µm emission is saturated at this location. The locations of the three identified components are also highlighted with arrows where the arrow heads are the positions of the components (Martín-Hernández, van der Hulst & Tielens 2003) . The ellipse shows the extent of the bubble as described Churchwell et al. (2007) . Right: 2MASS NIR colour-composite image with Ks band (red), H band (green) and J band (blue). The inset shows the faint nebulosity seen towards A. 610 and 1300 MHz, respectively. Details of the GMRT radio continuum observations and maps are given in Table 1 .
Archival data sets
Near-infrared data from 2MASS
NIR (JHKs) photometric data for point sources associated with CS51 are obtained from the Two Micron All Sky Survey (2MASS) 1 (Skrutskie et al. 2006 ) Point Source Catalog. The 2MASS images have resolution of ∼ 5.0 . Source selection is based on the "read-flag" that gives the uncertainty in the magnitude. In our sample, we retain only those sources with "read-flag" value of 2. The 2MASS data are used to study the nature of the stellar population which are likely to be associated with the bubble.
Mid-infrared data from Spitzer
MIR data of the region towards CS51 have been obtained from the archives of the Spitzer Space Telescope. Photometric data and images at wavelengths of 3.6, 4.5, 5.8, 8.0 µm have been retrieved from the Galactic Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE; Benjamin et al. 2003) . These images have resolution of < 2 . We have obtained photometric data in IRAC bands from the 'highly reliable' catalog of GLIMPSE II Spring'08 catalog. The 24-µm image is obtained from the MIPSGAL survey (Rieke et al. 2004 ) and has a resolution of ∼ 6 . 24-µm photometric data is extracted from the MIPSGAL catalog (Gutermuth & Heyer 2015) . Using these data, the structure of the bubble and distribution of YSOs are investigated.
Far-infrared data from Herschel
Far-infrared (FIR) data for the bubble are obtained from the Herschel Space Observatory archives. The images obtained were observed as part of the Herschel infrared Galactic plane Survey (HI-GAL; Molinari et al. 2010) . We have used the images at wavelengths 70 − 500 µm obtained from the Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010) and Spectral and Photometric Imaging Receiver (SPIRE; Griffin et al. 2010 ). The images have resolutions of 5, 11.4, 17.9, 25 and 35.7 at 70, 160, 250, 350, and 500 µm, respectively. We have used the FIR data to study the physical properties of cold dust emission associated with the bubble.
Molecular line data from MALT90 survey
MALT90 (Millimeter Astronomy Legacy Team 90 GHz) survey was aimed in part at characterizing the molecular clumps in the vicinity of Hii regions. The survey was carried out using the ATNF Mopra 22-m telescope with simultaneous mapping of 16 molecular lines near 90 GHz with a spectral resolution of 0.11 km s −1 . The source list was taken from the ATLASGAL 2 870-µm continuum survey which detects both cold and warm clumps. We have retrieved the data from the MALT90 site (http://malt90.bu.edu). The details regarding the survey can be found in Foster et al. (2011 ), Foster et al. (2013 and Jackson et al. (2013) . Data reduction was performed using GILDAS (Grenoble Image and Line Data Analysis Software)
3 . We mainly explore the physical properties of the cold dust clumps using this data.
RESULTS AND DISCUSSION
Ionized emission
Radio emission, mapped at 610 and 1300 MHz, probing the ionized gas associated with CS51 is shown in Figure 2 . Emission at both frequencies display complex morphology. Apart from an elongated cavity (a void in emission) seen towards the south-west, the bubble interior is filled with diffuse emission. The cavity is much more pronounced in the 1300 MHz map. This gives the radio emission a broken shell-like morphology. Faint, diffuse emission extends beyond the identified bubble rim especially towards the south. The maps also reveal three compact regions of enhanced emission. Out of these, one is closer to the likely centre of the bubble, the second (and brightest of them) is more towards the southeast periphery and the third one is located in the north-west rim of the bubble. The peak positions of these components at 610 and 1300 MHz coincide within ∼ 4 .
The overall structure described above is consistent with the 4.8 and 8.6-GHz maps obtained using the Australian Telescope Compact Array (ATCA) and presented in Martín-Hernández, van der Hulst & Tielens (2003) . Their 4.8-GHz map shows patchy, diffuse emission extending in the northsouth direction. Spatial correlation with the MIR images clearly shows that most of this emission lies within the confines of the bubble. As mentioned in the introduction, Martín-Hernández, van der Hulst & Tielens (2003) have also identified three distinct components namely A, B, and C with A being extended and B and C as compact. The components B and C appear detached from the main complex A. The locations of these components agree excellently (within 2.5 from the peak positions in the 1300-MHz map) with the peaks of the detected compact components in the GMRT maps and hence we retain the same nomenclature. Their higher resolution 8.6-GHz map probes only the core of component A as most of the diffuse emission is resolved out. The flux densities and the sizes of the bubble as well as the three components determined from the GMRT and ATCA maps are listed in Table 2 . To estimate the flux and size of the components, we use the following procedure outlined in Nandakumar et al. (2016) . We first determine the threshold above which the diffuse emission becomes significant. Starting from the peak flux density, we sequentially plot contours as a percentage of the peak flux density and go upto the level where the contribution from the diffuse emission becomes apparent. This occurs at 40, 20, and 50% of the peak flux density for the components A, B, and C, respectively. Next, this threshold emission level is given as input in the 2D clumpfind code of Williams, de Geus & Blitz (1994) to determine the sizes and integrated flux densities of the components which are considered as individual clumps in this algorithm. The size is taken as the geometric mean of the full width half maximum (F W HM ) for x-axis, F W HMx and for y-axis, F W HMy. It should be noted here that completely decoupling the contribution of diffuse emission is difficult. Except for a larger (factor of ∼ 3) peak flux density for component A, our estimated values of peak and integrated flux densities of the three components at 1300 MHz are consistent with that obtained by Zoonematkermani et al. (1990) at 1400 MHz.
We derive various physical parameters associated with the ionized emission of the bubble. Assuming the radio emission at 1300 MHz to be optically thin and emanating from a homogeneous, isothermal medium, we derive the Lyman continuum flux (N lyc ) required to maintain ionization in the nebula, the number density of electrons (ne) and the emission measure (EM) using the following expressions (Schmiedeke et al. 2016 (2013b) [(2σ(θsource/θ beam ) 1/2 ) 2 + (2σ flux−scale ) 2 ] 1/2 , where σ is the rms noise level of the map, θsource and θ beam are the size of the source and the beam, respectively, and σ flux−scale is the error in the flux scale, which takes into account the uncertainty on the calibration applied to the integrated flux of the source. For GMRT maps, uncertainty in the flux calibration is taken to be 5% (Lal & Rao 2007) .
From the estimated Galactocentric distance (RG) of 3.3 kpc to CS51, we determine the electron temperature to be 6700±380 K. This is higher than the value of 5300 K quoted in Caswell & Haynes (1987) derived using radio recombination line measurements. These authors derived the electron temperature for the radio source, which is located at an angular distance of ∼43 from the IRAS source. For further analysis, we use the electron temperature estimate of 6700 ± 380 K. The estimated Lyman continuum photon flux of 1.1 × 10 49 s −1 indicates that atleast one O6V -O5.5V star or a cluster of less massive stars are required to produce this flux (using Table 1 of Martins, Schaerer & Hillier 2005) and maintain ionization in the nebula associated with the bubble CS51. This estimate is with the assumption of optically thin emission and hence serves as a lower limit as the emission could be optically thick at 1300 MHz. Various studies in the literature have also shown that dust absorption of Lyman continuum photons can be very high (Inoue 2001; Arthur et al. 2004; Paron, Petriella & Ortega 2011) . Assuming a uniform distribution and taking the derived value of electron density as a representative average value for the entire bubble, we estimate the mass of ionized gas (Mion = 4 3 πr 3 Hii nemp, where rHii is taken to be the radius of the bubble and mp is mass of proton) to be ∼300 M . However, it should be noted that some ionized gas is seen beyond the defined bubble radius and its contribution has not been taken into account.
The components A, B, and C could be harbouring massive stars and thus internally ionized. The derived Lyman continuum photon flux values suggest spectral types of O9 -O8.5, O8.5 -O8, and B0.5 -B0 for A, B, and C, respectively. Component C is more likely internally heated as there exists a 70 µm point source (Marton et al. 2017 ) coinciding with the peak position. However, for components A and B we cannot rule out the possibility of these being externally ionized clumps due to density inhomogeneities. Such compact ionized objects are seen in several extended Hii regions (Garay et al. 1998; Kim & Koo 2003 , 2001 ). .5 -B0 a a spectral type obtained using Table II from Panagia (1973) 
Spectral index maps
To probe the nature of the radio emission in the region associated with the bubble, we construct a spectral index map from the 610 and 1300 MHz data. This requires a pixel-bypixel estimation of the spectral index, α, defined as Sν ∝ ν α , where Sν is the flux density at the frequency ν. Since we are interested in studying the variation of the spectral index over the entire region associated with CS51, we need to sample the large-scale diffuse ionized emission. GMRT is not a scaled array between the observed frequencies implying that each frequency is sensitive to different spatial scales. Hence, to ensure that the contribution of diffuse emission is same at both frequencies, we generate a new map at 1300 MHz from visibilities in the uv range of 0.1 -43 Kλ which is consistent with the uv coverage in the 610-MHz map. The new 1300-MHz map is regridded to the pixel size of 1 of the 610-MHz map. Both maps are then convolved to a common lower resolution of 20 × 20 to exclude any small scale statistical fluctuation in the estimated spectral index values. The above two steps are performed in the AIPS environment using the tasks LGEOM and CONVL. Retaining pixels above 5σ (σ ∼ 1 mJy/beam) in both maps, the spectral index map is obtained using the task COMB. The error map is also retrieved from the task output to get the pixel uncertainties. The spectral index map and the corresponding error map is shown in Figure 3 . The low-resolution 610-MHz contours are overlaid on the spectral index map.
The spectral index values in the map vary between -1.75 to 1.5 and the estimated errors are less than ∼ 0.4. However, a careful examination of the maps suggest that in the bubble interior the range is mostly between -1.0 to 1.0 with errors less than ∼ 0.1. There are few patches showing extreme negative spectral index values and those are seen towards the eastern side of the component B and also towards the circular void seen north-west of component A. The observed range indicates the simultaneous presence of thermal freefree emission and non-thermal synchrotron emission which further suggest varying physical conditions. As discussed in Rodriguez et al. (1989) , when only free-free emission and absorption mechanisms are involved, the spectral index lies between -0.1 and +2. Spectral indices < −0.25 are attributed to non-thermal emission (Rosero et al. 2016; Curiel et al. 1993) . Radio spectral index maps of several Galactic Hii regions have shown similar co-existing thermal and nonthermal components (Russeil et al. 2016; Veena et al. 2016; Nandakumar et al. 2016 ). This has been attributed to shocks induced by outflows and/or winds. Such colliding wind interpretation is also cited for negative spectral indices seen towards Wolf-Rayet nebula (Benaglia et al. 2005) .
In Table 4 , we list the spectral indices obtained from the map at the peak positions of A, B, and C. The table also gives the spectral index values obtained from the integrated flux densities. The later values for components B and C are fairly consistent with that obtained by Martín-Hernández, van der Hulst & Tielens (2003) . From the above estimates we infer thermal free-free emission to be associated with components A and C whereas the emission from component B shows spectral signature for non-thermal emission. Compact radio sources exhibiting such large negative spectral index have been discussed in Russeil et al. (2016) and Rodríguez et al. (2014) where the latter study puts forth a viable scenario of colliding winds of a massive binary system which produces a shocked region between the components where electrons can reach relativistic speeds by Fermi acceleration thus producing synchrotron emission. Similar interpretation has been discussed by Luque-Escamilla et al. (2011) for the extended non-thermal radio emission detected towards the W43 cluster. Protostars with an active magnetosphere could also give rise to such negative spectral indices (Deller, Forbrich & Loinard 2013) . Detailed study of component B is required to ascertain its exact nature.
Identifying the ionizing stars
A careful literature survey shows that there has been no identification of the ionizing source responsible for the Hii region associated with the bubble CS51. In this section we attempt to identify and propose the possible exciting source(s) responsible for CS51. As discussed in Churchwell et al. (2006 Churchwell et al. ( , 2007 , the association of Hii regions with IR bubbles indicate that these are formed by O-and/or B-type of stars. The Lyman continuum photon flux estimated from the GMRT radio maps suggest a spectral type of O6V -O5. the CS51 PDR, we consider 2MASS sources with good quality photometry (refer to Section 2.2.1) located within a radius of 2.1 of the central coordinate of CS51. Inspite of the proper motion of the exciting star(s), they are still likely to be within the PDR given that these IR bubbles are young objects. However, they need not always be located at the geometrical centre of the bubble.
In our search for O stars within the CS51 PDR, we follow the BJHK colour criteria of Comerón & Pasquali (2012) . The criteria adopted by these authors is highly efficient in filtering out late-type contaminants. The B magnitudes of the retrieved sources are taken from the NOMAD1 catalog (Zacharias et al. 2004) . Since the bubble CN20 studied by Ortega et al. (2016) is at a similar distance as CS51, we apply the same Ks magnitude cut of 11 to exclude out reddened early-type stars in the background of CS51. This is based on the assumption of Av ∼ 1 per kpc of foreground extinction. We identify 17 sources satisfying the criteria of Comerón & Pasquali (2012) . These sources are marked in Figure 4 which shows the 8-µm image overlaid with the contours showing the 610-MHz radio emission. Except one, the sources fall in the region of the Class III population in the 2MASS colourcolour plot. The ones which have IRAC band magnitudes are also seen to populate the region occupied by Class III objects (Petriella, Paron & Giacani 2010) . In their study of similar IR bubbles, Ortega et al. (2016) ; Liu et al. (2016) ; Baug et al. (2016) have discussed the likely association of the location of the ionizing star(s) and bright 24-µm emission in the bubble interior which also correlates with peak of the free-free radio emission. Following this argument, we identify five candidates labeled 1, 2, 3, 4, and 5 in Figure  4 . Considering their associated visual extinctions from the 2MASS (H − Ks) and (J − H) colour-colour plot, we derive their absolute K magnitudes and estimate the spectral type from Martins & Plez (2006) . The details of these five sources are given in Table 5 . The location of star #5 is towards the bubble periphery and hence it is less likely to qualify as a candidate exciting source. Similarly, star #2 falls in the Class II YSO region in the 2MASS colour-colour plot. Thus, based on their nature and position inside the bubble, we identify sources #1, 3 and 4 as the most promising candidates for ionization of CS51. Optical and NIR spectroscopy of these candidate exciting sources are required to qualify the above discussion. 
Emission from cold dust component
We study the nature of the cold dust emission using the 160 -500 µm Herschel data. Line-of-sight average molecular hydrogen column density and dust temperature maps are generated by pixel-wise modified blackbody fits. In generating these maps we have excluded the 70-µm emission following the discussion given in several studies (Peretto et al. 2010; Battersby et al. 2011; Peretto et al. 2010; Anderson et al. 2012) . These studies reason that the emission at 70 µm may not be optically thin and that there may be significant contribution from the warm dust components (e.g., very small dust grains, protostars) and hence cannot be modeled with a single temperature gray body. Thus we have only four points mostly on the Raleigh-Jeans part to constrain the model. The initial steps involve converting the SPIRE map units from MJy sr −1 to Jy pixel −1 which is the unit of the PACS images. Subsequent to this, the 160, 250, 350-µm images are convolved and regridded to the lowest resolution (35.7 ) and largest pixel size (14 ) of the 500-µm image.
The convolution kernels are taken from Aniano et al. (2011) . The above steps are carried out using the Herschel data reduction software HIPE 4 . We estimate the background flux, I bg , in each band from a relatively smooth and dark region devoid of bright, diffuse emission and filamentary structures. This region is located at an angular distance of ∼ 20 from the bubble and centered at α2000 = 17 h 32 m 14.46 s , δ2000 = −34
• 01 21.90 . The background value was estimated by fitting a Gaussian function to the distribution of individual pixels in the specified region. The fitting was carried out iteratively by rejecting the pixels having values outside ±2σ till the fit converged (Battersby et al. 2011; Launhardt et al. 2013) . We have used the same region for the determination of background offset in all the bands. I bg is estimated to be -0.82, 2.81, 1.27, and 0.45 Jy pixel −1 at 160, 250, 350, and 500 µm, respectively. The negative flux value at 160 µm is due to the arbitrary scaling of the PACS images.
We model the FIR emission with a modified blackbody that takes into consideration the optical depth, and the dust emissivity. As mentioned earlier, this is done pixelwise adopting the following functional form (Battersby et al. 2011; Faimali et al. 2012; Launhardt et al. 2013; Mallick et al. 2015) .
and τν = µH 2 mH κν N(H2)
where, Sν (ν) is the observed flux density, I bg (ν) is the background flux, Bν (ν, T d ) is the Planck's function, T d is the dust temperature, Ω is the solid angle (in steradians) from where the flux is obtained (solid angle subtended by a 14 × 14 pixel), µH 2 is the mean molecular weight, mH is the mass of hydrogen atom, κν is the dust opacity and N(H2) is the column density. We have assumed a value of 2.8 for µH 2 . The dust opacity κν is defined to be κν = 0.1 (ν/1000 GHz) β cm 2 /g, where, β is the dust emissivity spectral index (Hildebrand 1983; Beckwith et al. 1990; André et al. 2010 ). The SED fitting was carried out using non-linear least square Levenberg-Marquardt algorithm, in which T d and N(H2) are kept as free parameters. Given the limited number of data points, we prefer to fix the value of β to 2 (Hildebrand 1983; Beckwith et al. 1990; André et al. 2010 ) which is also a typical value used in studies related to IR dust bubbles (Anderson et al. 2012; Liu et al. 2016; Ortega et al. 2016) . We have used a conservative 15% uncertainty on the background subtracted flux densities (Launhardt et al. 2013 ). The generated column density and temperature maps are shown in Figure 5 , alongwith the corresponding χ 2 map. We have overlaid the low resolution (20 × 20 ) 610 MHz radio map on the dust temperature map to correlate the ionized and dust components.
As seen in Figure 5 , the pixel fits are good with χ 2 < 6 in the map. The column density map shows a fragmented shell-like structure with low values tracing the inner region of the bubble. The bubble rim is seen to contain clumpy regions of enhanced column density. One clump is located relatively close to the centre of the bubble coincident with the radio peaks. Apart from this clump, the rest fit well into a picture of fragmented swept-up molecular shell. The peak column density (3.6×10 22 cm −2 ) is located towards the northern part of the bubble. Several clumpy structures and high density regions are also seen on the periphery and beyond the bubble. Correlating the ionized emission with the dust temperature map, we see high dust temperature towards the three components and the entire region associated with the bubble CS51 is clearly warmer than the surrounding region.
As shown in Figure 5 , five cold dust clumps associated with CS51 are detected from the column density map. Instead of using the visual inspection followed by fitting ellipses to characterize the clumps (Liu et al. 2016) , we use the astrodendro algorithm (Rosolowsky et al. 2008; Goodman et al. 2009 ). In doing so, we set a threshold column density of 8.0×10
21 cm −2 and detect clumps above this by specifying a minimum of 5 pixels for a potential clump.
Mass of the dust clumps is calculated using the following equation
where, mH is the mass of hydrogen, A pixel is the pixel area in cm 2 , µH 2 is the mean molecular weight and ΣN(H2) is the integrated column density. The clump apertures retrieved from astrodendro are used to estimate the physical sizes (r = (A/π) 0.5 ; (Kauffmann & Pillai 2010) ). The derived physical properties of the dust clumps are listed in Table 6 . The volume number density is derived as, nH 2 = 3Σ NH2 /4r, r being the radius of the clump. The two clumps detected from the 1.2-mm emission by Beltrán et al. (2006) are likely to be associated with our Clump 3 and Clump 4. However, the masses derived in this paper are larger by a factor of 2 -7 compared to the estimates of Beltrán et al. (2006) . The possible reasons for this could be the different κν and dust temperature values used by these authors and/or the large sizes of the clumps retrieved from the column density map. One also cannot exclude the effect of flux loss associated with ground based observations (Liu et al. 2017a ).
Associated stellar population
To understand the star formation activity associated with CS51, we study the nature of the stellar population. We use Spitzer GLIMPSE and MIPSGAL data to identify and classify potential YSOs towards the bubble. For this we choose a region of radius 5 centered on the bubble. We retrieve 1060 sources with photometric data in all the IRAC bands. We also explore the catalog of Gutermuth & Heyer (2015) to include 24 µm point sources which have 3.6 µm photometry. From the distribution of IRAC sources extracted from the catalog, we see a dearth of point sources towards regions of bright MIR emission located in the bubble centre and periphery. Hence, to ensure a more complete sample of sources associated with the bubble we also make use of good photometric data from the 2MASS Point Source Catalog. A total of 1418 sources have good quality data in all three JHKs bands. The identification and classification of YSOs are carried out using the following procedures. (d) JHKs CCPs have been efficiently used by various authors (Sugitani et al. 2002; Ojha et al. 2004a,b; Tej et al. 2006; Ji et al. 2012; Mallick et al. 2015) to identify YSOs. The CCP for the NIR sources associated with bubble CS51 is shown in Figure 6 (d). The loci of main sequence (thin line) and giants (thick line) are taken from Bessell & Brett (1988) . The classical T Tauri locus shown as a long-dashed line is taken from Meyer, Calvet & Hillenbrand (1997) . The parallel dotted lines are the reddening vectors, on which the cross marks are the visual extinction placed at intervals of 5 mag. The short-dashed line represents the locus of Herbig AeBe sources is taken from Lada & Adams (1992) . We have assumed the interstellar reddening law from Rieke & Lebofsky (1985) . In this plot all the colours and curves are converted into Bessell & Brett (1988) system. For better classification this plot is divided into three regions. The sources in 'F' region are field stars or Class III or Class II stars with small Figure 5 . Column density (a) and dust temperature (b) and chi-square (c) maps generated using Herschel FIR data are shown. In plot (a), the black ellipse shows the extent of the bubble and the five identified cold dust clumps are shown as black contours. This plot also shows three concentric circles (dashed magenta) which are used in the study of column density PDFs (see Section 4.2). 610-MHz radio contours are overlaid in plot (b) to correlate the dust temperature with the ionized gas distribution. The contour levels are same as in Figure 3 . to CS51, the 2MASS photometry would be severely affected foreground interstellar extinction thus increasing the contamination from foreground field stars.
Compiling the YSOs identified in the four methods, we have 17, 70, and 6 Class I, Class II, and Class I/II sources, respectively in the region of 5 radius centered on CS51. For YSOs identified in more than one scheme, methods (a), (b), (c), and (d) are given preference in this order to assign their class. Figure 7 shows the distribution of the identified YSOs on the 8-µm image and Table A1 lists the coordinates, NIR and MIR magnitudes and classification. The spatial distribution of YSOs do not show any particular pattern except a dearth in the bubble interior and an overdensity of Class I YSOs towards the northern periphery of the bubble. Two Class II YSOs are placed in projection towards the central clump thus hinting at a more evolved region compared to the clump towards the northern rim. Without spectroscopic confirmation it is difficult to conclude on the physical association of the identified YSOs with CS51.
Molecular line emission towards CS51
In order to investigate the properties of the clumps associated with the bubble, we have used molecular line data from the MALT90 survey. The available data covers two of the Herschel clumps (# 3 and # 4). Study of these molecular lines will enable us to probe the physical, chemical properties and throw light on the evolutionary states of these dense star-forming clumps. Of the 16 molecular-line transitions covered in the MALT90 survey, only five molecular species (C2H, HCN, HCO + , HNC, and N2H + ) are detected towards these two clumps. The details of the transitions taken from Foster et al. (2011) and Miettinen (2014) are listed in Table  7 . Both the papers, especially the latter, give a nice review on the environment in which these molecules exist and the physical conditions required for their formation. Figure 8 shows the observed line-spectra at the peak positions for the two clumps. We use the hyperfine structure (hfs) method of CLASS90 to fit the observed spectra for C2H, HCN, HNC, and N2H + transitions and retrieve the line parameters. As described in Table 7 , the molecule HCO + has no hyperfine structure thus a single Gaussian profile was used to fit the spectra. Figure 8 also shows the hfs and Gaussian (for HCO + ) fits for the detected transitions. The positions of the hyperfine components are marked in the plots. The retrieved parameters are peak velocity (VLSR), width of velocity (∆V ), main beam temperature (T mb ), and velocity integrated intensity ( T mb dV), which are listed in Table 8 . Beam correction is applied to the antenna temperature to obtain the main beam temperature, T mb = TA/η mb (Rathborne et al. 2014 ) with an assumed value of η mb = 0.49 (Ladd et al. 2005) . As revealed in the figure, the signal-to-noise ratio of the observed spectra are less than optimal with several hyperfine components being marginally detected and few others fitting to appreciably large widths (see C2H profile for Clump 3 and HCN profile for Clump 4). In view of this, it should be noted that the retrieved parameters would have significant uncertainties associated. The 0th moment (velocity integrated) contours of two molecules, HNC and N2H + , are shown in Figure  9 overlaid on the Spitzer 8 µm image. The maps of the other molecules have poor signal-to-noise ratio and hence are not presented. Both molecules show extended emission towards Clump 3 as compared to Clump 4. The plots also show the 610-MHz contours that enable us to correlate the emission from molecular and ionized gas.
We have used RADEX (van der Tak et al. 2007 ), a onedimensional non-LTE radiative transfer code, to compute the column density of the detected molecular transitions. The input parameters to RADEX are the peak main beam temperature, back ground temperature (2.73 K from Purcell et al. (2006) ; Yu & Wang (2015) ), kinetic temperature, line width and H2 volume density. We assume the kinetic temperature to be same as dust temperature (Sanhueza et al. 2012; Yu & Xu 2016; Liu et al. 2016) . The H2 volume density and dust temperature values are taken from Section 3.4 which are estimated using the Herschel maps. Using the mean N(H2) for the clumps (listed in Table 6 ), we estimate the fractional abundances (x) of the detected molecules. The derived column densities and fractional abundances are listed in Table 8 . The values estimated for Clumps #3 and #4 are in the range derived for a large sample of clumps associated with IRDCs in the work by Miettinen (2014) . Similar comparison holds with the results from Vasyunina et al. (2011) .
From Figure 9 , it is evident that N2H + and HNC molecular line emission is appreciably more extended towards Clump 3 in comparison with Clump 4. This is supported by the derived column density values which shows a clear decrease towards Clump 4. Further for N2H
+ the fractional abundances and the integrated line intensities also decrease by more than a factor of 4 towards the central Clump 4. These indicate that Clump 4 is possibly at a later evolutionary stage as compared Clump 3 (Miettinen 2014; Yu & Wang 2015; Yu & Xu 2016) . The radio peaks A and B fall within Clump 4 with B being close to the peak in the Herschel column density map. Radio peak C is located in Clump 3. The estimated C2H and N2H
+ abundances show a decreasing trend with the increasing Lyman continuum photon flux of the clumps further suggesting an earlier evolutionary stage for Clump 3 (Yu & Xu 2016; Yu & Wang 2015) . Parameters derived from the other detected molecular transitions are fairly consistent with the above picture of evolutionary stage. However, it should be noted here that better signal-to-noise ratio spectral observations are required before conclusively ascertaining the evolutionary stages of the two clumps.
FEEDBACK OF HIGH-MASS STARS AND ORIGIN OF CS51
Massive stars can influence the parental cloud via various feedback mechanisms. In this section we attempt to understand this in connection with the origin of the bubble CS51 and possible triggered star formation.
IRAC band ratio images
The general bubble structure is a PDR visible at 5.8 and 8 µm and an evacuated cavity within this (Churchwell et al. 2006 (Churchwell et al. , 2007 Watson et al. 2008 Watson et al. , 2009 Anderson et al. 2010 High column density, depletion resistant, optical depth J = 1 -0 line has 15 hf components out of which seven have a different frequency Table 8 . Parameters of molecular transitions detected towards the two dust clumps. The LSR velocity (V LSR ), line width (∆V), mainbeam temperature (T mb ), and velocity integrated intensity ( T mb dV) are obtained from the hfs fitting method of CLASS90. The column density (N) values are estimated using RADEX and the fractional abundances (x) are derived using mean H 2 column density of 1.8 × 10 22 cm −2 and 1.0 × 10 22 cm −2 for Clump 3 and Clump 4, respectively (refer Section 3.4). In their detailed study on M17, Povich et al. (2007) , proposed the use of IRAC band ratio images to understand the interaction of massive stars with their surrounding and delineate regions of PAH destruction. They further confirmed the disappearance of PAH in the destruction zone from spectroscopic data. Following this pioneering work, Watson et al. (2008) used this technique in several bubbles to locate the PDR around them. This technique exploits the fact that three of the four IRAC bands (at 3.6, 5.8, 8.0 µm) sample several PAH emission features (see Table 5 of Povich et al. 2007 ) whereas the 4.5-µm band is PAH-free.
We adopt the same procedure described in Povich et al. (2007) of using residual images (after removing point sources) followed by median filtering and smoothening before taking the ratios. Figure 10 , shows the ratio images. Figure 10 (a) and (b) show the ratio of 8.0-µm and 5.8-µm images, respectively with the PAH-free 4.5-µm image. The bright emission (seen as dark in the colour inverted plots) towards the bubble rim in these ratio maps show the location of the PAH zones thus defining the PDR related to CS51. This is similar to the results obtained by Watson et al. (2008) and Dewangan et al. (2012) . However, it should be noted that the ratio maps also show enhanced emission towards the likely centre of the bubble coinciding with the region of bright radio emission. Given that PAH would be destroyed in the harsh radiation field close to the ionizing star (Watson et al. (2008) ; Deharveng et al. (2010) and references therein), this bright region could possibly be from the thermal dust continuum which is supported by the bright 24-µm emission that arises mostly near the hot star when the dust is heated to ∼100 K. Figure 10 (c) shows the ratio map between two PAH bearing bands (8.0 µm/5.8 µm). As expected, the rim emission is invisible here. It is to be noted that while these ratio images give the overall picture of PAH emission in the PDR, it should be kept in mind that the contribution from thermal dust and other atomic and molecular features would also be present. Thus these ratio maps should be taken as illustrative unless confirmed with spectroscopy. Nevertheless, the ratio maps do confirm with the generally accepted picture of bubbles. 
Column density probability distribution function
Structures in the form of clumps or condensations at the border of IR dust bubbles, pillars and protrusions pointing towards the ionizing source have been observed in several studies (Pomarès et al. 2009; Petriella, Paron & Giacani 2010; Zavagno et al. 2010; Anderson et al. 2012; Ji et al. 2012; Liu et al. 2015 Liu et al. , 2016 . The formation of these structures and the star formation therein are discussed invoking the 'collect and collapse' (CC) model (Elmegreen & Lada 1977) or the 'radiation driven implosion' (RDI) model (Bertoldi 1989; Lefloch & Lazareff 1994) , thus probing the feasibility of triggered star formation in the 'accumulated' versus 'pre-existing' scenarios. Understanding the role of density compression of ionized gas into a molecular cloud and that of ram pressure of turbulence of the cloud are crucial aspects in deciphering the impact of high-mass stars and this is discussed in detail by Tremblin et al. (2012a Tremblin et al. ( ,b, 2014 . They use the probability distribution function (PDF) of the column density around the ionized regions to study the feedback of the massive star. Their studies show that the column density PDF displays a single peak if turbulence dominates and the distribution becomes bimodal with a second peak forming at higher densities if the ionization pressure becomes larger than the turbulence. Liu et al. (2016 Liu et al. ( , 2017a have implemented this technique on two Hii regions / bubbles. Adopting the same formulation, we investigate the nature of the column density PDFs in the region associated with CS51. We generate the PDF for the regions encircled within the three circles shown in Figure 5(a) . These concentric circles are constructed with a separation of 1 and for clarity we name them as Circle 1, 2, and 3 in increasing order of radius. The functional form for the bimodal PDF used to fit the column density is given by the following expression (Liu et al. 2016; Schneider et al. 2012; Tremblin et al. 2014 )
where, η = ln(N/N ), N is the column density andN is the average column density taken over Circle 3. pi, µi, and σi are the integral, mean, and dispersion of each component. In the above expression, the first lognormal component at low column density is associated with the initial turbulent molecular cloud and the second component at high column density is attributed to compression by the ionized gas pressure (Liu et al. 2016; Tremblin et al. 2014) . Figure 11 shows the column density PDFs in the three identified circles covering the ionized emission associated with CS51 and the surrounding cloud. The fitted parameters are listed in Table 9 . The PDFs fit fairly well and all of them clearly show the second peak consistent with the results obtained for the bubbles N4, RCW 79 and RCW 120 (Tremblin et al. 2014; Liu et al. 2016 Liu et al. , 2017a . Similar trend of p0 increasing and p1 decreasing as we move outwards is seen for CS51. As noted by Liu et al. (2016) and discussed by Tremblin et al. (2014) , the decrease in p1 with increasing radius indicates decreasing effect of compression due to ionized gas for larger regions. The results obtained reiterates the strong influence of the expanding bubble on its immediate surrounding. The second lognormal form suggesting compression from ionized gas would likely account for the condition required for triggered star formation. The high column density region shows signature of a power-law tail, which is generally attributed to on-going star formation (Schneider et al. 2015 (Schneider et al. , 2012 Liu et al. 2017a; Schneider et al. 2013; Russeil et al. 2013) . Insufficient data points and low signal-to-noise ratio prevents us from fitting a powerlaw and attempting a more quantitative comparison with the above studies.
Collect and collapse scenario
The previous sub-section showed the role of ionization compression in CS51. The effect of this in triggered star formation has been in focus since the pioneering work by Elmegreen & Lada (1977) . As mentioned earlier, several studies have focused on the mechanism behind this triggering process -CC or RDI. The detection of five dense clumps in the PDR region suggest that the shocked molecular layer is mostly swept up and accumulated during the bubble expansion. Thus we explore the possibility of the CC model at work around CS51. To examine this, we estimate the dynamical age of the bubble and compare the same with the fragmentation time of the surrounding cloud.
Assuming that the Hii region expands in a homogeneous molecular cloud, the dynamical age of the Hii region is estimated from the following well known expressions (Spitzer 1978 (10) Figure 11 . Plots of column density PDFs over the three circular regions. The dashed lines are the two lognormal components and the best fit (black solid line) is the sum of these two. N H 2 is the mean column density computed over the largest region.
where, Rst is the Strömgren radius, NLyc is the Lyman continuum photons flux responsible for the Hii region and n0 is the initial particle density of the ambient gas. αB is the coefficient of radiative recombination and it is calculated from Kwan (1997) , to be 2.6×10 −13 (10 4 K/T) 0.7 cm 3 sec −1 . t dyn is the dynamical age of the Hii region, CHii is the isothermal sound speed (assumed to be 10 km s −1 ), R if is the radius of Hii region which is approximately taken as the radius of the bubble (2.1 ). To estimate n0, we take the total mass of the swept up molecular shell which is the sum of the masses of the five detected clumps on the bubble periphery (11630 M ) and assume that it was distributed homogeneously within the bubble radius. To this we add the mass of the ionized component (300 M ). This gives an estimate of n0 = 2.4 × 10 3 cm −3 which defines a lower limit since it does not take into account the ionized gas that probably would have escaped through the rupture of bubble or absorbed by dust. From the estimated parameters of the clumps (see Table 6 ), we get an average number density of n0 = 4.8 × 10 3 cm −3 which can be considered as the upper limit. Using the above values, we estimate the dynamical age of CS51 to be 0.9 -1.3 Myr. This estimate should be taken with caution since the assumption of expansion in a uniform medium is not realistic.
We proceed further to investigate fragmentation of the collected shell material using the model of Whitworth et al. (1994) . They give the following expression to estimate the fragmentation time. Myr (12) where, as is the sound speed in the shocked layer (the turbulent velocity) in units of 0.2 km sec −1 , N49 is the ionizing photon in units of 10 49 photons sec −1 , and n3 is the initial particle density of the ambient gas (n0) in units of 10 3 cm −3 . Taking as to be 0.3 km s −1 at the derived dust temperatures, we estimate the fragmentation time, t frag , to be 0.5 Myr for n0 = 2.4 × 10 3 cm −3 and 0.4 Myr for n0 = 4.8 × 10 3 cm −3 . The estimated fragmentation time is shorter (by a factor of 2) than the dynamical age of the Hii region implying that the shell of collected material has enough time to gravitationally fragment during the expansion of the bubble. Similar results are obtained for N4, G8.14+0.23 and G24.136+00.436, where the fragmentation time is less than the dynamical time (Liu et al. 2016 (Liu et al. , 2015 Dewangan et al. 2012 ). In contrast, Ji et al. (2012) derive fragmentation time significantly larger than the dynamical age for bubble N22 and they discard the CC process. The above estimates of the timescales involved support the CC process as the likely mechanism for the formation of the identified clumps and the associated star formation. It should however be kept in mind that, this simple model does not conclusively exclude the RDI process and thus higher resolution observations are required to probe the dense cores within these clumps and compare their masses, radii and separation with the theoretical predictions of the CC mechanism (Whitworth et al. 1994; Liu et al. 2017b ).
What do the clumps reveal?
As discussed in Section 3.6, the Clumps #3 and #4 show trends of different evolutionary stages with Clump 4 being more evolved. Association with radio peaks and 24 µm emission indicate that these are active star forming clumps. Further, the NIR and MIR colours have shown the presence of YSOs likely to be associated with the clumps with an overdensity of Class I YSOs seen towards Clump 3.
From the derived centroid velocities of the molecular transitions in the clumps, it is seen that the lines related to Clump 3 are red-shifted by ∼ 2 km s −1 with respect to a systematic velocity of -32.34 km s −1 which is taken as the average of velocities of detected molecular line emission in Clump 4. Clump 4 is located within the bubble (and closer to the centre) correlating well with the likely location of the exciting star(s). The above is consistent with the picture of the formation of CS51 where the shell of dust and gas seen is presumably swept up by the expanding Hii region. Hence Clump 3 that is located towards the northern rim is expected to be moving away from the central clump indicating the expansion of the bubble. Similar expansion is revealed from the molecular line data of bubble N4 where the clumps towards the south-east and north-west part of N4 are seen to have blue-shifted and red-shifted velocities, respectively compared to a systematic velocity. It should be noted here that we do not have molecular line data for Clumps #1, #2, and # 5 to strengthen the picture of expansion.
From the mass and size estimates of the five clumps discussed in Section 3.4, Clumps 2, 3, 4, and 5 qualify as potential high-mass forming ones as they satisfy the threshold criteria of m(r) 870 M (r/pc) 1.33 , where m(r) is mass of clump and r is the effective radius of clump, discussed in Kauffmann & Pillai (2010) . We have also investigated the gravitational state of Clumps #3 and #4 by deriving the virial parameter (α) defined as the ratio between virial mass to dust mass. This parameter indicates whether a clump is gravitationally bound or not. Clumps are likely to undergo gravitational collapse if α < 1 and in the absence of magnetic field can be considered as bound. If the value of α exceeds unity, then in all likelihood expansion is possible unless some external mechanism constrains the cloud. Virial mass of each clump is derived from the following equation (Contreras et al. 2016) .
where, the constant a1 is the correction for power-law distribution, which can be expressed as a1 = (1-p/3)/(1-2p/5), for p < 2.5 (Bertoldi & McKee 1992) . We adopt a power-law density distribution of p=1.8 (Contreras et al. 2016) . The constant a2 is correction for non-spherical shape. We assume the clumps to be spherical and take a2 as 1. ∆V and r are the line width and radius (listed in Table 6 ) of the clumps. To derive virial mass and virial parameter, we use the optically thin N2H + emission because an optically thick line would overestimate the virial mass (Sanhueza et al. 2012) . Thus using the above equation and the line width obtained in Section 3.6, we derive virial masses of ∼ 1100 and 835 M for Clumps 3 and 4, respectively. Taking the ratio with the mean dust masses of the clumps (see Table 6 ), we estimate the virial parameter to be 0.2 and 0.6 for Clumps 3 and 4, respectively. These estimates are consistent with the nature of the clumps where signature of active star formation is observed.
SUMMARY
In this work, we have carried out a detailed multi-wavelength study towards the southern IR bubble CS51 which is associated with IRAS 17279-3350. Our main results are the following.
(i) The associated ionized emission probed at 610 and 1300 MHz displays a complex morphology. The ionized emission mostly fills the bubble interior with a cavity towards the south-west, which is more pronounced at 1300 MHz. The observed Lyman continuum photon flux translates to a spectral type of O6V -O5.5V for the exciting source under the assumption of optically thin, free-free emission. The mass of this associated ionized gas within the bubble is estimated to be ∼ 300 M .
(ii) The GMRT radio maps reveal the presence of three components (A, B, and C) associated with CS51. They show up as compact regions of enhanced emission. The component A is located towards the likely center of the bubble, the component B (brightest among them) is towards the southeast periphery and the component C is located in the northwest rim of the bubble.
(iii) The 610 -1300 MHz spectral index map shows the coexistence of both thermal free-free emission and non-thermal synchrotron emission. The compact regions A and C are seen to be associated with thermal emission and component B shows signature of non-thermal emission.
(iv) From the optical (B-band) and NIR colours, we identify three sources as potential candidate exciting star(s) from a sample of sources located towards the radio and 24 µm emission peaks.
(v) The column density and dust temperature maps are generated by pixel-wise SED modeling of the thermal dust emission using FIR Herschel data. The column density map shows a fragmented shell like structure harbouring four clumps towards the periphery of the bubble and one clump is detected within the bubble close to the likely centre. Dust temperature map shows the presence of warmer dust in the bubble interior consistent with the presence of ionized emission.
(vi) Five molecular transitions (C2H, HCN, HCO + , HNC, and N2H + ) are detected towards two clumps (#3 and #4).
The hyperfine components of C2H, HCN, HNC, and N2H + are clearly detected above noise level. The velocity integrated (0th moment) map for N2H + and HNC are seen to be appreciably extended towards Clump 3. Within the uncertainties due to low signal-to-noise ratio of the observed spectra, the derived line parameters, column density, and fractional abundance suggest a possible earlier evolutionary phase of Clump 3 as compared to Clump 4.
(vii) The IRAC ratio maps involving PAH-bearing and PAH-free bands show the presence of PAH emission associated with the PDR of CS51 thus confirming the generally accepted bubble formation mechanism and related MIR emission.
(viii) The column density PDFs display a bimodal distribution thus demonstrating the strong influence of expanding bubble on its surrounding where compression due to ionized gas pressure dominates the effect of turbulence.
(ix) Assuming the expansion of the associated Hii region to occur in a uniform medium, the dynamical age is estimated to be 0.9 -1.3 Myr, which is higher than the derived fragmentation time of 0.4 -0.5 Myr. This indicates that the collect and collapse mechanism is possibly at work around the bubble CS51 and responsible for triggering star formation towards the border of the bubble.
(x) The estimated values of mass and radius of the clumps, that lie between 810 -4600M and 1.0 -1.9 pc, respectively, indicate all except Clump 1 to be high-mass star forming clumps.
(xi) The centroid velocities of the molecular transitions detected show signatures of expansion of the bubble. The Clump 3 located towards the northern rim is seen to have red-shifted velocities with respect the central Clump 4. 
